Post-embolization hemorrhage is the most severe, dramatic and morbidity-mortality-related complication in the treatment of endovascular arteriovenous malformations (AVMs). The objective of this study was to determine predictive factors of post-embolization hemorrhage. This is a retrospective study in 71 patients with cerebral AVMs having undergone 147 embolization sessions with n-butyl cyanoacrylate (n-BCA), carried out between 2011. Clinical-demographic, morphological and treatment data as well as results were recorded. The relationship of post-procedure hemorrhage with demographic and morphological factors, percentage devascularization per session, venous drainage and whether or not post-procedure hypotension had been induced was investigated.
Introduction
Arteriovenous malformations (AVMs) are a very heterogeneous group of lesions, extremely variable in size, location, angio-architecture, and clinical presentation. The current therapeutic options include microvascular neurosurgery, radio neurosurgery, and endovascular embolization, the latter usually considered the first treatment option. The incidence of reported complications from endovascular treatment varies between 3% and 25% [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The rates of permanent morbidity and mortality vary in the 3.8-14% and 1.0-3.7% ranges, respectively 13 .
The most severe complication, causing significant morbidity-mortality and post-procedure incapacity is post-embolization hemorrhage. However, modest attention has been paid in the literature to the predictive factors of this complication, whereas many studies have addressed the predictors of neurological deficit. The rates of hemorrhagic complications associated with embolization involve 1.6-15% of patients, and 0.6-5.6% of procedures 3, 9, 12, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , while complications reported in large series are only 1.6-3.1% for patients 12, 21, 23 . Among the mechanisms described as causing these complications are hemodynamic changes, the occlusion of drainage veins and specific morphological characteristics. However, there is little clarity on the influence of these factors on the risk of hemorrhagic complications and also the ways of counteracting their effects.
The objective of this study was to determine predictive factors of hemorrhagic complications from endovascular treatment of cerebral AVMs, after noticing that the hemorrhagic complications in our series occurred in sessions characterized by extensive devascularization without hemodynamic control, and disappeared when devascularization was reduced to 25-30% per session and post-procedure hypotension was kept 20% below the basal mean arterial pressure (MAP). The identification of predictors of hemorrhagic complications should allow the implementation of strategies to decrease its incidence and thus improve the results of endovascular treatment.
Materials and Methods
A retrospective study was carried out in 71 patients with cerebral AVMs having undergone 147 embolization sessions with n-butyl cyanoacrylate (n-BCA) between April 2006 and April 2011 in the Endovascular Therapy Unit of the Medical-Surgical Research Center, CIMEQ. Clinical-demographic, morphological and treatment data as well as post-embolization results were recorded. Patients with post-procedure hemorrhage and those whose interventions showed no complications were compared, keeping in mind AVM morphology and the morphological changes induced by embolization. This scrutiny was focused on the percentage devascularization per session, venous drainage, demographic factors, and post-intervention monitoring, particularly blood pressure (BP) control, with the objective of determining predictive factors of hemorrhagic complications from endovascular treatment of arteriovenous malformations.
Endovascular Techniques
Cerebral pan-angiography was carried out by means of transfemoral access and local anesthesia, in angiographs with digital subtraction and road-mapping (Philips Integris and Siemens Artist). Systemic heparinization was established achieving an activated coagulation time (ACT) two to three times the basal value. The catheters used were kept connected to bags pressurized with heparinized saline solution. A 6 Fr guiding catheter was located at the internal carotid or the afferent vertebral to the AVM. Then we proceeded to navigate the AVM afferent vessels with a Magic 1.5 microcatheter and a 0,009' microguide wire to catheterize the malformation pedicle and place the microcatheter in a wedge position at the entrance or within the nest. Subsequently, superselective angiography was performed using the microcatheter to verify its position in relation to the nest, followed by a superselective test with Propofol. If no changes were found in the neurological test, embolization with n-BCA (Braun Histoacryl) was carried out.
In a first period, extensive devascularization (>40-60% per session) was carried out, embolizing multiple arterial pedicles, without postprocedure hemodynamic control. Following the appearance of hemorrhagic complications, it was decided to limit devascularization to 25-30% per session, establishing strict post-embolization hemodynamic control to achieve a 20% reduction of MAP with respect to basal values, keeping it typically in the 65-75 mm Hg range for 24 hours.
Statistical Analysis
A univariate analysis was carried out to describe the effect of demographic factors, presentation symptoms, pre-embolization neurological condition, morphological parameters, number of embolization sessions, percentage devascularization per session, number of pedicles embolized and hemodynamic control on the risk of post-embolization hemorrhage.
The predictive factors and all the variables showing a significant relationship in the univariate analysis (P<0.05) or according to experts' criteria were included in the multiple logistic regression model to evaluate their independent association with post-embolization hemorrhage, keeping track of sex and age. Spetzler & Martin's general score and its components were included in the analysis. These studies were carried out using Stata 9.2 statistical software (StataCorp, College Station, TX, 10 th release, 2007).
Results
During the follow-up period, 31.1±17.5 months (mean±SD), 71 patients who had undergone 147 (2.07±1.09 1-6 ) embolization sessions, with a total of 174 (2.28±1.17 [1] [2] [3] [4] [5] [6] ) arterial pedicles, were embolized. The clinical, demographic, morphological and general characteristics of the treatment of AVMs in the studied series are shown in Table 1 .
In the series, six patients showed post-embolization hemorrhage (8.5% of the patients and 4.1% of the procedures). One of the most important factors to consider was the impact of extensive devascularization in a single embolization session. The six post-embolization hemorrhages occurred in sessions with devascularization above 40%, while in only 20% of the sessions without post-embolization hemorrhage was devascularization of such a magnitude carried out.
Other factors to be considered hemorrhage predictors are: the lack of post-procedure hypotension, which occurred in five of the six patients presenting this complication; the influence of the AVM nidus size, since hemorrhagic complications arose in 16.7% of the AVMs less than 3 cm in diameter, in 6% of the 3-6 cm AVMs and in 10% of those exceeding 6 cm; the presence of associated aneurysms; the occlusion of drainage veins; Spetzler & Martin's grading and its components and other morphologic characteristics. Special attention was paid in this study to the effect of the combination of extensive devascularization and the absence of post-procedure hypotension as a risk factor for the occurrence of hemorrhagic complications.
In the univariate analysis (Table 2) , the risk of post-embolization hemorrhage was associated with: intranidal aneurysms (OR=6.55; CI=1.07-40.23; P=0.04); supratentorial location (OR=1.43; CI=1.2-2.07; P=0.056); AVM size under 3 cm (OR=1.81; CI=0.20-16.7; P=0.598); deep venous drainage (OR=3.22; CI=0.57-18.2; P=0.185); the absence of post-procedure hypotension (OR=4.41; CI= 0.78-24.98; P=0.094); the occlusion of drainage veins (OR=70; CI=5.21-940.6; P=0.001) and devascularization larger than 40% of the AVM per session (OR=18.5; CI=2.08-32.4; P=0.007).
The multiple logistic regression analysis, when evaluating the risk of post-procedure hemorrhage in connection with statistically significant morphologic and treatment parameters in the univariate analysis, or with those included according to experts' criteria, showed that the following are predictive factors of post-procedure hemorrhage: AVM devascularization in excess of 40% per session, with OR=32.4 (CI=3.142-518.6; P=0.009). This means that the risk of hemorrhage is 32 times greater when devascularization exceeds 40% per session; AVM nidus diameter under 3 cm, with OR=45.02 (CI=1.17-203.79; P=0.005); deep venous drainage (OR=20.34; CI=1.05-392.5; P=0.046); the absence of post-procedure hypotension, with OR=16.51 (CI=1.81-324.4; P=0.049) and the presence of intranidal aneurysms, with OR=7.5 (CI=1.19-341.3; P=0.041) ( Table 3) .
Other factors, such as location and morphology of the AVMs, more than two afferent vessels of the Willis polygon, or high flow arteriopathies or venous angiopathies were not found to be hemorrhage predictors. The occlusion of drainage veins in two cases with post-procedure hemorrhage and in only one case without this complication, although showing OR=41.6, did not show a statistically significant relationship. None of the components of Spetzler & Martin's grading, or its general score, showed a statistically significant association with post-procedure hemorrhage in the multiple logistic regression analysis restricted to these components and their grading.
It is interesting to note that all the hemorrhagic complications in our series (six hemorrhages in 42 sessions) took place in an initial period when devascularization in the 40-60% range per session was practised, lacking the induction of post-procedure hypotension. In contrast, the implementation (subsequent to the hemorrhagic complications described) of changes in our methodology characterized by embolizations with restricted devascularization (25-30%) and induced post-procedure hypotension for 24 hours, with a 20% reduction of the basal MAP (to 65-75 mm Hg) resulted in the total elimination of hemorrhagic complications (no hemorrhage in 103 sessions). The incidence rate radio (IRR), of post-embolization hemorrhage, determined by means of Poisson's regression, was 14.8 (CI 95%: 1.7-126.7) for patients subjected to devascularization above 40%, whereas for those who underwent devascularization below 40% the IRR was 0.07 (CI 95%: 0.008-0.581). The IRR of postprocedure hemorrhage was 3.5 (CI 95%: 0.65-19.4) in the absence of post-procedure hypotension, while it was 0.28 (CI 95%: 0.051-1.54) for the group that benefited from induced postprocedure hypotension.
The group of patients under study was divided into four subgroups by combining devascularization above or below 40% with the application of post-procedure hypotension or lack of it. Univariate analysis showed OR=29.3 (CI=4.72-182.3; P=0.000) for the subgroup in which devascularization above 40% per session was carried out without post-procedure hypotension (roughly a 30-fold increase in the risk of postembolization hemorrhage). In contrast, the combination of devascularization under 40% per session with post-procedure hypotension behaved as a protective factor against the occurrence of post-embolization hemorrhage, with OR=0.17 (CI=0.019-0.97; P=0.002) ( Table 4 ). Applying the multiple logistic regression model to evaluate the risk of post-procedure hemorrhage to those four subgroups, only devascularization above 40% lacking post-procedure hypotension showed a statistically significant difference, with OR=36.4 (CI=3.67-362.4;P=0.002). This supports the hypothesis that extensive devascularization and the lack of strict BP control produce hemorrhagic complications.
Discussion
The analysis of our series to determine predictive factors of post-embolization hemorrhage is based on the observation of the large incidence of this complication initially, when extensive devascularization (in excess of 40% per session) was carried out without strict postembolization monitoring and hemodynamic control. The latter is confirmed by the fact that out of six post-embolization hemorrhages that occurred in sessions with devascularization over 40%, five lacked the application of post-procedure hypotension.
This motivated a revision of our methodology, and the setting-up of a less aggressive treatment, with devascularization limited to 25-30% per session and the establishment of strict post-procedure monitoring, along with a 20% reduction of the basal MAP, to 65-75 mm Hg. Implementation of these measures put an end to postembolization hemorrhagic complications. These results supported our initial claim, presented in a previous paper, that extensive devascularization and deficient hemodynamic control increase the risk of post-embolization hemorrhage. These results can be related to one of the important physiological causes of post-embolization hemorrhage described, the phenomenon of "normal perfusion pressure breakthrough" described by Spetzler et al. 24, 25 . However, Spetzler et al. found that this phenomenon was associated with extensive high flow AVMs, angiographically poor filling of the normal cerebral arteries, extensive collateral flow, the stealing phenomenon, afferences through the external carotid and progressive or fluctuating neurological deficit 24 . An impending task involves explaining how the hemorrhagic complications arose in 16.7% of the AVMs smaller than 3 cm in diameter; in 6% of the 3-6 cm AVMs and in 10% of the AVMs larger than 6 cm. That is, post-embolization hemorrhage prevailed in AVMs less than 3 cm in diameter.
A simple explanation would be a random presentation of the complications, which is contradicted by the results of the multiple logistic regression analysis, with OR=45.02 (CI=1.17-203.79; P=0.005) for AVMs smaller than 3 cm.
Another explanation is the fact, illustrated in the literature, that extensive embolization can produce a marked flow reduction through the fistulous nidus, causing stagnation in the drainage veins resulting in their thrombosis, nidal congestion and retarded hemorrhage or venous infarction 5, 13, 21, 16, 26, 27 . But this would not explain how post-procedure hypotension prevented the postembolization hemorrhage in our series. It would rather contribute to flow reduction through the nidus, followed by augmented stasis of the drainage veins, venous thrombosis and an increased risk of hemorrhage.
Our working group's assumption is that extensive devascularization abruptly decreases the AVM shunt, with subsequent flow redistribution in the remaining afferent arteries feeding the AVM nidus, which are morphologically abnormal and adapted to cope with chronically low arterial pressures. Thus, they undergo a sudden BP rise that causes rupture of the remaining nidal vessels, so that "rupture at normal arterial pressure" of the afferent arteries and/or the nidal remains occurs. This would explain how partial devascularization combined with post-procedure hypotension reduce the arterial pressure increase sustained by the afferent arteries and the remains of the nidus, preventing the postembolization hemorrhage caused by the rupture of afferent arteries that feed the AVM nidus. This is in agreement with a report by Picard et al. 21 describing an increase in the hemorrhage rate after extensive devascularization. They explained that occurrence on the basis of the above-mentioned and frequently cited pressure increase in the afferent arteries after intranidal embolization with liquid embolizing agents, that carries the risk of arterial or intranidal vascular rupture 15, 22, [28] [29] [30] [31] .
The increased risk of hemorrhage in AVMs smaller than 3 cm in diameter is in full agreement with a report by Heidenreich et al. 22 . Logically, the relative obliteration rate in a session is markedly larger for small AVMs. The same is true for the flow reduction attainable in a session, even without extensive embolization, which increases the risk of reactive pressure rise, as previously described 22 .
The different hypotheses dealt with in the literature as causes of post-embolization hemorrhage, listed by Picard et al. 21 , help explain the hemorrhages in our series and correlate well with the predictors of hemorrhage found in our statistical analysis: improper venous occlusion of a partially embolized AVM; pressure increase in afferent arteries as a consequence of embolization; rupture phenomenon at normal perfusion pressure, with hyperemia of the normal brain or distribution of blood flow in adjacent areas of the brain; secondary venous thrombosis secondary to the stasis caused by substantial obliteration of the AVM and inflammatory reaction or wall necrosis induced by the emboligenous agent; and intranidal rupture of an aneurysm.
In connection with the proportion of devascularization per session, Weigele et al. 5 reported a maximum occlusion of 33% of the AVM nidus during a session, with the purpose of minimizing the risk of hemorrhage provoked by rupture at the normal perfusion pressure 24 . Other authors claim they did not perform occlusions exceeding 30-40% 12 . Heidenreich et al. 22 reported that extensive devascularization, above 60% per session, increases the risk of post-procedure hemorrhage, constituting a risk factor for hemorrhage (OR=18.8; IC:95%).
Heros 32 recommends gradual embolization, dictors of hemorrhagic complications did not prove significant in the multivariate analysis, except for the presence of intranidal aneurysms whose rupture is one of the mechanisms of hemorrhage described 21, 35 , possibly due to the hemodynamic stress produced by the blood pressure increase on an angio-architecturally weak spot and the presence of deep venous drainage. The increased risk of hemorrhage by accidental venous occlusion observed in the univariate analysis did not show a significant association in the multiple logistic regression analysis. The embolizing agent's entry into the drainage veins, with consequent venous obstruction or thrombosis, is a risk factor for post-embolization bleeding 3, 15, 20, 35 . However, in practice embolization of the drainage veins is not always accompanied by complications. This can be significant or not, depending on the size and dynamic importance of the embolized vein, of flow changes through the nidus and whether or not venous drainage from the AVM through other veins is adequate 21, 22 .
Conclusions
In this series, the predictive factors of postembolization hemorrhage were devascularization exceeding 40%, the absence of postprocedure hypotension, AVM diameter under 3 cm, deep venous drainage, and intranidal aneurysms. A considerable reduction of AVM size increases the risk of hemorrhage, while the induction of strict hypotension post-procedure decreases it. Therefore, we suggest distributing the intervention in partial, 25-30%, devascularization per session and the application of strict hypotension post-procedure, with a 20% decrease of the basal MAP. However, given the size of this series and the magnitude of the intervals of confidence, our results and recommendations should be considered with caution. since extensive devascularization is a risk factor for hemorrhage, while Taylor 33 claims to have reduced the percentage embolization in each session to decrease the risk of hemorrhage.
Massoud et al. 34 , using a theoretical model, concluded that the induction of systemic hypotension during and after embolization of AVMs seemed to have a potential benefit theoretically in preventing hemorrhage from the AVM nidus 34 . To minimize the possibility of rupture at the normal perfusion pressure and reduce the risk of post-embolization hemorrhage, Debrun et al. 20 suggest maintaining MAP 10-15% below the basal value 24 hours after embolization. For their part, Picard et al. 21 recommend keeping the MAP 10-20% under the basal value for 72 h.
Weigele et al. 5 suggest monitoring the patients in a neuro-intensive care unit for 24 hours postprocedure, maintaining slight hypotension, 90% of the normal MAP. Jayaraman et al. 12 report only 1.6% of hemorrhagic complications with the implementation of a similar protocol, specifying that the parameters were adjusted taking into consideration the basal perfusion pressure of each patient, the extent of embolization, angiographic characteristics such as arterial or venous slow flow and maintaining an intensive blood pressure monitoring for 24-48 hours, with MAP of 65-75 mm Hg, which in their opinion minimizes the abrupt elevation of the post-embolization systolic arterial pressure and may reduce the risk of post-embolization hemorrhage 12 .
Heidenreich et al. 22 reported better results in patients treated in postoperative intensive care units than in those looked after in intensive medical care units or in stroke units, which they consider is due to better control of post-procedure arterial pressure.
It is seemingly a proven fact that the risk of post-embolization bleeding increases with extensive devascularization and faulty hemodynamic control. In this series other aforementioned pre-
